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Nomenclature

A(i,n) =

Cfab =

Cur

Cpayl :

Cpers :

Cpurch =

Frate =

Fsp

famorl

fdamage

=

fpayl =

hinst =

bier

Nt" =

Nlire =

Nlimll =

Tmax =

Warea =

life cycle cost parameter (Dollar-Bar), $/fi2-flt

i(l +i)°/[( 1+i)"- 1], amortization function

Cpurch+ Cp,r, h_n,,, installed cost of material, $/fl2

Cpo,, h,,, cost for inspection and repair, $/ft 2

payload cost to orbit, $/(Ibm payload)

personnel cost, including both direct and indirect costs, $/hr

purchase cost, $/fiz

flight rate, #/yr

(N_mi,-1) fuam,ge,TPS spares fraction (minimum)

NI,m, A(fi/F,ate,Nllmi,), amortization factor

damage replacement fraction, %/fit

yearly interest rate, %

payload conversion factor, (Ibm payload)/(lbm TPS)
installation time, hr/fl z

inspection and repair time, hr/fi 2

total number of fights, #

TPS reuse flight limit, #

min(Nf, Nli_¢), #

maximum reuse temperature, °F

areal weight, (lbm YPS)/ft 2

Introduction

There is considerable interest in developing new reusable launch vehicles (RLVs) for reducing the cost of transporting

payload to and from orbit. _3 This work reviews thirteen candidate thermal protection system (TPS) options currently

available for RLVs. It is useful to begin with the current Shuttle TPS layout as a reference. 4 The nose cap and wing

leading edge', which reach the highest temperatures, are made of reinforced carbon-carbon (RCC) that is protected from

oxidation by an external coating (_0.020" thick) of silicon-carbide. Most of the windward surface is 9 lb/fi 3 ceramic tiles

(LI-900) with a thin (_0.012") coating of Reaction Cured Glass (RCG). The leeward side of the vehicle is covered largely

by AFRSI, a quilted ceramic blanket, and FRSI, a polyamide felt. These four materials can be considered first generation

reusable TPS. Since the time of the Shuttle design, considerable progress has been made advancing TPS technologies in

terms of thermal performance, robustness, and cost. For each of the major systems, a second generation ceramic TPS has

been developed, tested, and characterized. Metallic-based systems have also been developed, s'_

For applications requiring RCC in the past, advanced carbon-carbon (ACC) is now available] This material has better

mechanical properties, somewhat higher temperature capability to 2900°F and greatly increased oxidation resistance. New

carbon fiber reinforced silicon-carbide matrix composites (C/SiCs) have shown additional improvement in properties over

ACC with use temperatures to 3000°F and above, s For rigid tiles, NASA Ames has made two significant advancements.
The first is a tile substrate called Alumina Enhanced Thermal Barrier, or AETB, 9 that incorporates alumina fibers for

improved dimensional stability at high temperatures, to 2600°F and above. This material can be made to densities as low

as 8 Ib/ft 3. The second is a coating preparation called Toughened Uni-piece Fibrous Insulation, or TUFI, _° that penetrates

about 0.1" into the tile substrate. The resulting composite, with a functionally gradient density near the surface, provides

orders of magnitude increased damage resistance compared with RCG coated LI-900, with only a small weight increase.

The TPS that combines these two developments is called AETB-8/TUFI and has been adopted for high damage areas on



the Shuttles.Two notabledevelopmentshaveoccurredin flexibleceramicblankettechnology.The first is
aluminoborosilicate-basedfiberswithusetemperaturesof2200°Fandabove,_ incomparisontoquartzandsilicafiberused
inAFRSIwhichhavemulti-usetemperaturelimitsof 1200to 1400°F.Blanketsincorporatingthesenewhightemperature
fibersarereferredtoasAFRSI-HT/2Thesecondisanintegralweavingtechniquesthatproducesaflutedcoreblanketwith
asmoothersurfaceandgreaterresistanceto aero-acousticnoise,to levelsashighas170dB._3This Ames innovation is

called Tailorable Advanced Blanket Insulation, or TABI. Finally, for felt-based TPS, Boeing is developing

Polybenzimidazole Blanket Insulation, or PBI, with a multi-use temperature limit of 1000°F and above, in contrast to

Shuttle FRSI which has a multi-use temperature limit of about 700°F.

NASA Langley and BF Goodrich (formerly Rohr Corp.) have led the development of metallic-based TPS. 5'6 This

activity uses essentially three approaches: metallic tiles which encase a fibrous ceramic batting in a box fabricated largely

from metallic honeycombs, typically Nickel based alloys; metallic honeycomb sheets, made of Nickel-based alloys,

incorporating a fibrous back-side insulation encapsulated in a metallic foil bag, providing reduced weight; and metallic

multi-wall, which is comprised of dimpled Titanium metal sheets, which are stacked and then diffusion bonded at contact

points to form the TPS. The Nickel-based systems can be used up to temperatures of about 1800°F, and the Titanium

system to about 1100°F.

These thirteen TPS materials have pros and cons to their usage in terms of temperature capability, weight, initial cost,

and maintenance. Carbon-carbon and C/SiC systems have the highest temperature capability but are relatively expensive

and heavy, requiring significant time, expertise, and costly facilities and tools for design and fabrication. Second generation

ceramic tiles are relatively light, durable, simple to fabricate and easy to install; however, waterproofing is a concern.

Blankets and felts are light, simple, inexpensive, and easy to install over curved vehicle surfaces, but durability and

waterproofing are concerns. Metallics are robust and appear to have eliminated waterproofing, but they tend to be heavy and

relatively expensive, requiring costly facilities and tools. If thin metal sheets are used to reduce weights, then issues arise

from possible metal fatigue and corrosion caused by thermal cycling, pressure oscillations, and environmental exposure.

For application to future RLVs, system analyses _4't5show that a significant component of the vehicle life cycle cost is

from the TPS; however, it is difficult to quantify and to compare the potential savings of advanced systems without

performing full vehicle designs using each of the different options. Because this entails a considerable effort and also tends

to submerge TPS cost impacts under unrelated vehicle design assumptions, there is a clear need for a simpler quantitative

method to evaluate the cost impact of different TPS options. To this end, this work introduces a TPS life-cycle cost

parameter which is easily computed and applicable to generic RLVs.

Resultsand Discussion

The three major components of TPS life cycle costs are fabrication, inspection/repair (i/r), and payload displacement.

Fabrication is the cost for purchase and installation of the TPS on the vehicle, amortized over the vehicle lifetime.

Inspection/repair is the cost to prepare and certify the TPS for re-flight. Payload displacement accounts for the fact that the

purpose of the vehicle is to put payload (not TPS or any other vehicle system) into orbit, and that for every pound of TPS,

some fraction of a pound of potential payload is displaced. A simple development leads to the following analytic

expression for the life-cycle cost parameter, or Dollar-Bar:

Cfab(I + Fsp)famort + Ci,r(Nlimi t - 1)

N lira it N lira it + C payl Warea fpayl •

The three major terms on the right-hand side are the fabrication, i/r, and payload-displacement cost components,

respectively. In developing this formula, constant year dollars were assumed. This assumption allows all effects of the

time value of money to be agglomerated into the amortization factor famo,_which is unity if the interest rate is zero. The

quantity C_ra embedded in Cf_b and C,/r accounts for both direct (e.g. salaries, benefits) and indirect (e.g., tools, facilities,

consumables) costs for TPS installation and i/r. We also assume that spares for damage replacement are purchased up front

(otherwise Cf_b fdim,ge is included but not amortized in the fabrication cost component), that post-flight i/r costs are not

incurred at TPS change outs, and that TPS processing is not the pacing item in readying the vehicle for re-flight.

Table 1 lists input data and computed values for _ components for thirteen TPS options. The data were compiled

largely from Ref. 15, a system analysis study performed by Boeing (formerly Rockwell International) for NASA Langley as

part of the Advanced Manned Launch System Program. This reference provides an excellent comprehensive analysis with
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detailed breakout of costs, weights, tasks and personnel hours for a number of TPS configurations, with data based on

actual Shuttle experience. Assumptions used in computing g are given in the notes to the table.

Figure 1 plots _ cost components for the thirteen TPS options listed in Table I. The first notable feature is the

dominance of the payload displacement component. Although this may be surprising at first, it is easily explained. The

payload displacement cost reflects all the other systems (e.g., structure, propulsion, avionics, cryo-tanks, etc.) that are

necessary for the vehicle to operate. A weight savings in the TPS leads to corresponding savings in many of the other

systems. The second notable feature is that second generation systems have lower g and/or higher use temperatures than

the first generation systems, but the ordering between the systems remains the same. The ranking from lowest to highest

life-cycle cost is: 1) felts blankets, 2) ceramic blankets, 3) ceramic tiles, 4) metallics, and 5) carbon-carbons or C/SiC. This

ordering remains the same even disregarding the payload-displacement component of g, except for first-generation Shuttle

LI-900/RCG tiles which have high i/r cost.

This simple analysis strongly suggests that to minimize RLV life cycles costs, a designer should pick the TPS with

the lowest g and use it'up to its temperature limit, then switch to the TPS with next smallest g, and so on. Given that

current RLV designs typically generate maximum temperatures between 2000 to 3000°F, the data and results from Table 1

indicate that new RLVs incorporating a combination of advanced felts, ceramic blankets, ceramic tiles, and possibly

advanced carbon-carbon or C/SiC, would be expected to provide the lowest vehicle life cycle costs. Also, given the

predominance of the payload-displacement cost, minimum areal weight should be the dominant TPS selection factor.

Summary

A simple method to quantify and to compare life cycle costs of different TPS options for RLVs is proposed. This

method includes relevant fabrication, inspection/repair, and payload displacement costs. Data and results for Shuttle first

generation TPS, second generation counterparts, and metallic concepts are presented. The computed ranking from lowest

to highest life cycle cost is: I) Felt blankets, 2) Ceramic blankets, 3) Ceramic tiles, 4) Metallics, 5) Carbon-carbon and

C/SiC. The dominant life cycle cost component is directly related to the TPS areal weight; fabrication and

inspection/repair costs are smaller. Based on these results, future TPS research and technology development should strive

to reduce weights and to improve temperature capabilities, with lower fabrication and inspection/repair costs as important

but secondary objectives.
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Table 1.

CarbonFiber CMC (C/S C)*., ! 3000

Advanced C-C (ACC) ** 2900

Shuttle Coated C-C (RCC) * 2"I00

AETB-g/'rUFI ** 2600

LI-900/RCG *

TPS Material and Cost Data

Material Tma_ Nlife

°F # fit

100

100

40

100

2300 [ 100

AFRSI-HT (PCC coated)__** [2200 _100.

2200 100

1400 100

1000 100

7O0 !00

1900 100

18oo . 1o_o_
t

1100 { 100

TABI (PCC coated) **

AFRSI (C-9 coated) *

PBI Felt VHT coatino) **

FRSI (DC92 coating) *

Nickel Super-AlloyTile t

Nickel SuperzAHo_ Sheet

Titanium Multi-Wall t

Cpurch

15000

12000

12000

800.
1_6o

_sool
1030

330

240

160

4450

hinst hi/r _ama_e

hr/fi 2 hd_ z %/fit

96.0 0.08 0.11

96.0 0.II 0.13

96.0 0.14 0.13

45.0 0.64 0.14

91,0 2.10 0.25

6.10 0.96 1.80

4,90 0.49 0.96

6,10 { 0,96 1.80
B

0,48 0,09 2.40

0.55 0.09 2.80

74.0 0.53 0.12

4450_t 74.0 0.53 0.12 {
6035 I 43.0_-_26 .... 0.11 I

Warea

Ib/fi 2

1,70

1.70

1.70

1,19

1,10

0.94

1.00

0.94

0.62

0.62

2.00

1.32

2,16

components, $/fi2-flt $, total

fab. Fr pay. disp. $1fi2-flt

479 8 1275 1762

428 11 1275 1714

724 14 1275 2013

106 63 891 1060

225 208 825 1258

54 95 705 854

52 49 750 851

46 95 705 846

17 9 465 491

14 9 465 488

233 52 1500 1785

233 52 990 1275

201 26 1620 1847

* I st generation Shuttle TPS; ** 2rid generation TPS; I" Metallic concept.

Assumptions: Cp=r, = $100/hr, Cp,yl = $1000/lbm, f, = 10%, foayl = 0.75, Nr = 100, F,,,= = 8. TPS change outs for

blankets are included in i/r cost that assumes usage on leeward surfaces only. Weights are determined for a heat load of

2000 BTU/ft 2, largely from Ref. 15.

Fabrication • Inspection/Repair a Payload Displacement

Carbon Fiber CMC (C/SiC) _____[

Advanced C-C (ACC) ____.__ L_:_ :,: _1_'i_ _:;- :
__ ,_.L_ 1 [

Shuffle Coated C-C (RCC) _" : "_..... " ' _ :
t J. _ I

_.,.,oo;,cQi _ ..... ,,'l

AFRSI-HT (PCC coated) ] ', li I
TABI (PCC coated) I _

A_RS,(c.9_oat_ i !i l

FRSI (DC92 coating) _i i

Nickel Super-Alloy Tile _
I

Nickel Super-Alloy Sheet __ l , { ......... r

Titanium Multi-Wall _

o see tooo tsoo 2000

_, $1 ft^2"ftt
i

Figure 1. Dollar-Bar cost components for 13 TPS systems, from Table 1.
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